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INTRODUCTION 

The principal use of sequential inlets in power systems is in fluid 
control. Turbomachines have several sequential inlets such as seals, vane 
rotors, bearings, etc., and in many cases the flows are choked. The down- 
stream inlet is usually treated independently of the upstream configuration. 
As machines become more compact and the power density is increased, the ef- 
fects that sequential inlets can produce on the flow field and subsequent 
engine performance become significant. On several occasions the failure, or 
derating, of high-performance turbomachinery has been attributed to insta- 
bilities excited by fluid flow through the seals or blade vanes (ref. 1). 

In an effort to understand a flow separation phenomenon observed in a 
multiple-step seal configuration, studies were made in single-inlet tubes 
and multiple-inlet geometries. In choked flows through single-inlet tubes a 
jetting phenomenon was found to a length-diameter ratio L/D of 105 over a 
range in fluid temperatures and pressures in both simple and complex geome- 
tries. Jetting has also been found in multiple-step seals (refs. 2 to 5). 
Flows through sequential inlets represent a complex problem, and theory for 
such flows is not well developed. For example, the flow field can be rota- 
ting, have multiple-vortex formations, and have multiple separations and 
variable properties with a variety of surface boundary conditions. Conse- 
quently an empirical relation to define regions of jetting in single inlets 
was advanced (refs. 2 and 3). Moreover, jetting was observed for choked 
flows in multiple-inlet configurations for small L/D spacings, where the 
flow rate for N sequential inlets is essentially that of a single inlet. 

For large L/D spacings the flow follows a simple power-law relation based on 
the flow through a single inlet, and the exponent is nearly constant outside 
the thermodynamic critical region (ref. 5). 

The pressure profiles for single and multiple inlets are more complex 
and are not relatable in such simple terms. For one range of flow and L/D 
conditions the profiles resemble conventional parabolic pressure drops for 
flow through a tube, and for another range of flow and L/D conditions the 
profiles monotonical ly increase with axial position, resembling the profile 
of a supersonic diffuser. 

Most systems with sequential inlets involve heat and mass transfer to 
some degree, but the cited studies have been carried out either under adia- 
batic or near adiabatic conditions. The purpose of this paper is to inves- 
tigate some effects of heating in the zones between sequential inlets. The 
study will present results for mass flux, report typical pressure and tem- 
perature profiles, compare the Nusselt number ratios, and describe "burnout" 
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for sequential inlets with heated spacer-reservoirs. It will be shown that 
near adiabatic conditions do not materially affect the flow or pressure pro- 
files, but diabatic conditions (constant heat flux) can lead to significant 
flow reductions and ultimately burnout or catastrophic failures. 

ANALYSIS 


As the theory for flows through sequential inlets is not well aevel- 
oped, previous success using a combined thermodynamic and choked flow analy- 
sis will be applied here (ref. 5). The process at the i^*^ inlet (fig. 1) 
is assumed to expand isentropically through that inlet, followed by isobaric 
recovery in the spacer-reservoir with (or without) heat addition. The gov- 
erning equations for the i^^ inlet become 
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Upon convergence, (G/Cf) approaches 6,^, with Cf = 0.75. Fluid properties 
were calculated by using GASP (ref. 6). 

The solution is complicated because the pressure ratios across each 
inlet are unknown, and the stability of the solution is not guaranteed. 

Thus to solve the problem (fig. 1), one must determine the inlet stagnation 
conditions, assume a pressure ratio for the first inlet, calculate the con- 
ditions of the expansion, and then determine the stagnation conditions for 
the next inlet (including heat addition or extraction in the spacer-reser- 
vior). Repeat these steps for the next N - 1 inlets. At the inlet, 
determine the expansion conditions and compare them to those calculated from 
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the choked-flow constraint. If the flow rates and pressure ratios are 
within a convergence range, the flow rates and pressure ratios are said to 
be computed for the prescribed inlet and any addition of heat into (or out 
of) the sequential inlets. In essence, the constraints form the basis of a 
variational approach where we determine a solution with the least increase 
in entropy, with real fluid properties determined by using the code GASP 
(ref. 6). 

For a gas the governing equations can be approximated by using the 
isentropic expansion conditions and the perfect-gas equation of state as 
done by Komotori and Mori (ref. 7) and others. The flow rate for the i^*^ 
inlet becomes 

(x2/y _ (3a) 


where 
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and the constraints of equations (2a) and (2b), still apply. Over the range 
of gaseous conditions investigated, the solutions of equations (2) and (3a) 
are in good agreement. Thus the simpler approach, equation (3a), can be 
used for near constant property gases but not for variable fluid property 
conditions as will be shown later. 

As the flow through such systems is not well understood, it follows 
that even less understanding exists for heat transfer. In this paper, the 
heat transfer results will be compared by using the relation: 

^""r = ^ (^w ■ "^b^ = U + 3 AT) (4) 


Here Nu^ represents the ratio of experimental to calculated Nusselt numbers, 
and all the property parameters are evaluated at bulk conditions. The cal- 
culated Nusselt number is that of McAdams, but others such as the Petukhov 
formulation are equally valid (ref. 8). 

APPARATUS AND INSTRUMENTATION 

The flow system is essentially that described in references 4 and 9, 
with modifications to accommodate individually heated spacer-reservoirs. 

The test installation is shown in figure 2. A more detailed description of 
the test configuration is given in figure 3. The spacer-reservoir and ori- 
fices were made of stainless steel, sandwiched together between end flanges, 
held together by rods, sealed with flat Mylar gaskets, and electrically iso- 
lated from ground. The wall thermocouples (Chromel-Alumel ) were swaged in 
tubes that were in turn attached to the inner surface through a hole in the 
spacer-reservoir tube. The bulk temperature thermocouples were of the same 
swaged construction but were inserted at the centerline of the spacer-reser- 
voir. In addition to the five wall and five bulk thermocouples in each 
spacer-reservoir, there were five static pressure taps per spacer and one 
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pressure tap in the center of each orifice. In addition, inlet and outlet 
pressures and temperatures were measured. Copper bus flanges were clamped 
onto the spacer-reservoirs, and the power was supplied from either an ac or 
dc source to one of the three spacer-reservoirs. The overall system sensi- 
tivity was not sufficient to determine any difference between using ac or dc 
power. The working fluid was nitrogen, and the data range included liquid 
and gas for reduced inlet stagnation pressures up to 2 (P^ q = 2). 

Motion pictures were used to record the tests run to Simulate burnout 
conditions. Although the seals failed and pressure "bulged" the spacers, 
some good data were obtained. 

RESULTS AND DISCUSSION 

In this section, a comparison is made between theoretical predictions 
and experimental findings of mass flux, pressure and temperature profiles, 
heat transfer, and burnout. 


Mass Flux 

The theoretical analysis predicts a decrease in flow rate with the ad- 
dition of heat into the spacer-reservoir. Heat addition in the first spacer 
(inlet) adjacent to the inlet orifice is most effective in reducing the flow 
rate; heat addition in the last spacer-reservoir (outlet) is least effective. 

Now defining the flow coefficient as the ratio of experimental or cal- 
culated mass flux with the j^^ spacer-reservoir heated to that without 
heating, viz. 


(5) 

0 

and applying this definition to the gaseous nitrogen data provide the curves 
of figures 4(a) to (c). These figures present a comparison between theory 
and experiment. The experimental data are slightly above but in reasonable 
agreement with theory. Knowing that for gases the primary variable in equa- 
tion (5) is density, the bulk temperature can be used to approximate changes 
in the flow coefficient; 



Thus a check can be made by using the bulk temperature rise. The results 
show the data below, but also in reasonable agreement with, theory for the 
accuracy of this experiment. 

The liquid-nitrogen data (figs. 4(d) to (f)) exhibit the proper general 
trends but are significantly higher than theory for each spacer-reservoir. 
Although the simplicity of the theory and the experimental errors each con- 
tribute to the disagreement, a change in fluid model similar to that for 
film boiling of cryogens (ref. 9) is speculated to be most significant. It 
appears that fluid jetting or carryover from one spacer-reservoir to another 
is increased as heating is increased. Thus the assumption of a constant 
flow coefficient, which was satisfactory for sequential inlets without heat- 
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ing, is no longer valid^. More data and analyses are required before the 
flow coefficients can be varied with any confidence. 

Pressure Profiles 

Typical axial pressure distributions are given for gaseous and liquid 
nitrogen for three heat inputs in figure 5. Because the pressure profiles 
for gaseous nitrogen with and without heating were similar for the heat in- 
put range of this experiment, only one profile is shown. The pressure pro- 
files for liquid nitrogen were also somewhat similar, but near the outlet a 
significant shift from jetting to gas-like behavior was noted; also the 
stage pressure ratio decreased and the pressure level increased as heating 
increased. A similar trend is predicted by the theory. The flattening of 
the profiles with increased heating is characteristic of a liquid coring 
model (jetting or carryover). The change in the model was previously sug- 
gested as a possible reason for departure from theory (refs. 2 and 3). 

Temperature Profiles 

Although some of the thermocouples failed, enough remained to define 
wall and bulk temperature profiles for both the liquid and gaseous cases. 

The inlet spacer-reservoir temperature profiles (fig. 6) are typical. The 
inlet was hotter because of the vortex zone; the central part was cooler 
because the diverging jet tended to wash the wall; and with sufficient heat 
input the outlet could easily reach burnout temperatures because of the 
stagnation zone ahead of the last orifice inlet. The centerline bulk tem- 
peratures responded to the heat input but were not sufficiently accurate to 
indicate completeness of mixing in the heated section; downstream the wall 
and bulk temperatures usually ran within a degree of one another, indicating 
good mixing. 


Heat Transfer Comparisons 

The analysis of flow in tubes was extended to spacer-reservoirs of 
sequential inlets, and it is not surprising that the agreement with experi- 
mental data was poor, as shown in figure 7 by the departure of the Nusselt 
number from unity. A lack of knowledge of the proper hydraulic diameter 
(herein the spacer-reservoir) and the flow patterns to be used leaves too 
many uncertainties. It is apparent that more work needs to be done in order 
to understand both the flow patterns and the heat transfer characteristics. 

Burnout 

Each spacer-reservoir was heated to near burnout, a condition defined 
by a 4- to 7-cm section coming to a orange-red glow. From another source, 
this coloration of stainless steel indicates an optical pyrometer tempera- 
ture of 1400° to 1600° F. The surface temperature was estimated at 1100“ 
to 1300“ F when heat input is less than 50 J/g. The pressure (1 MPa) was 


1a 1 though the data could be matched by forcing the flow coefficient 
(Cf = Cf(AH); e.g., 0.84 for aH = 10), the experimental data are not suffi- 
cient to draw any general conclusions at this time. 
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sufficient to bulge the spacer-reservoir, and the system was shut down be- 
fore it achieved fully developed burnout conditions. The decrease in flow 
rate was dramatic and physical destruction appeared imminent. 

In subsequent tests with liquid nitrogen, motion pictures were taken as 
the system was cycled between the adiabatic and diabatic conditions. The 
heat input was varied incrementally until conditions approached burnout, 
where power was then held constant. The time-temperature conditions could 
be visualized by watching the frost melt, the water boil, and the surface 
dry out. The advancement of the front began near the inlet of the (N + 
orifice (bottom of the picture) and continued to move back upstream until 
equilibrium was achieved. If the heat input was large enough to produce a 
reduction in flow, the available cooling decreased and for a constant heat 
flux the surface temperature continued to increase until equilibrium or 
physical destruction was achieved. In this case, a section of the tube be- 
gan to glow orange-red. The glowing section expanded and, in our case, when 
a pseudo-equilibrium was achieved, the power was shut off. As shown in the 
motion pictures, profuse leakage of coolant past the seals can occur under 
these extremes and could contribute to the loss of available coolant and to 
the subsequent rise in surface temperature. When the system was allowed to 
approach equilibrium, the flow was decreased but not stopped, even though 
over two-thirds of the spacer-reservoir length was orange-red. Repeating 
the cycle did not appear to change these observations. 

The motion picture supplement is available from the NASA Lewis Research 
Center Photographic and Printing Branch. 

SUMMARY OF RESULTS 

Theoretical and experimental results for the flow of fluid nitrogen 
through a four-sequential-orifice configuration shows that heat addition in 
the first spacer-reservoir adjacent to the inlet orifice is most effective 
in reducing the flow rate and that heat addition in the last spacer-reser- 
voir is least effective. The differences are readily measurable for the gas- 
eous case but are within the scatter of the data for the liquid case. 

The measured mass fluxes for the gas were in reasonable agreement with 
theory. The measured mass fluxes for the liquid nitrogen were significantly 
higher than predicted even though the trends were correct, indicating that a 
nonconstant flow coefficient must be used in the analysis. The carryover or 
jetting appeared to be significantly influenced by heating. 

The pressure profiles were similar for various heat inputs, with the 
liquid profiles altered more. Pressure ratio and level increased with heat 
input. (A ratio of unity represents no flow loss.) The major flow loss 
shifts toward the exit orifice. 

The wall and bulk temperature profiles responded directly to heat in- 
put, and "burnout" in the downstream portion of the spacer-reservoir was 
readily achieved. A comparison to tube heat transfer correlation was not 
successful. A motion picture was taken to illustrate the cooldown and burn- 
out cycle (orange-red color over most of the tube). For a near equilibrium 
state (Pp,o = 1 = 89 K), burnout of the tube significantly de- 

creased, but did not stop the flow. The motion picture is available from 
the NASA Lewis Research Center Photographic and Printing Branch. 
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APPENDIX - SYMBOLS 


b exponent 

Cf flow coefficient 

D diameter of spacer-reservoir 

d diameter of inlet 

G mass flow rate, pu 

G* flow-normalizing parameter, 6010 g/cm^-s for nitrogen 

H enthalpy 

L length of separation 

1 length of orifice 

N number of inlets 

P pressure 

S entropy 

T temperature 

u velocity 

V specific volume 

X pressure ratio 

Z compressibility 

B volumetric expansion factor, (a In p/aT)p 

p density, 1/V 

Subscripts: 

b bulk 

c thermodynamic critical 

e exit 

I isentropic 

i,M,N i^h, M^hj Nth sequential inlet 
j spacer heated 

m maximum 

0 stagnation, or no spacer heated 

r reduced by normalizing parameter 

1 case for N = 1, the single inlet, or unit 
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Figure 3. - Schematic diagram for an individual reservoir spacer- 
orifice inlet of an N -sequential -or If ice-in let test section. (Di- 
mensions are in centimeters. ) 



(d) Liquid, first (e) Liquid, second (f) Liquid, third 
spacer heated. spacer heated. spacer heated. 

Figure 4. - Reduced mass flux as a function of reduced inlet stagnation pressure 
comparison of theory with gaseous and liquid results. 
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Figure 5. - Pressure profiles at selected heat inputs with first spacer heated. Pjgure . Temperature profiles at selected 

heat inputs, first spacer heated. 



Figure 7. - Variation of reduced Nusselt 
number with axiai distance, first spacer 
heated. 
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